Abstract: Sri Lanka is an island nation where~59% of the population live in coastal regions. The main income source in these areas is fishing, which contributes to~44% of the national GDP. Fishery resources depend on mangroves, especially in estuaries and lagoons, as mangroves provide the best nursery grounds for both brackish and marine species that are significant for the island's fishing industry. However, growing pressures from an increasing population and development are causing substantial damage to mangroves resulting in loss of mangrove diversity. We analyzed whether variation in mangrove diversity within a lagoon system affects fishery production and livelihoods. Along the lagoon we selected three sites, which were 5 km apart from each other, for the survey. We used three 50 m long transects at each site for faunal and floral diversity assessments. The fishery catch was recorded from three crafts in each side. The socio-economic survey was conducted in 30 households per site using a standard questionnaire. In the site with the highest floral and faunal diversity, we also recorded the highest fish catch, but not the highest crab or shrimp catches. Our results confirm that higher mangrove diversity-and not just area-supports higher income generation. Thus, future development should prioritize biodiversity conservation in coastal regions.
Introduction
Mangroves are vital tropical and subtropical coastal ecosystem, supporting a significant amount of global biodiversity and providing a wide range of ecosystem services that contribute to the well-being of coastal residents, especially by supporting fishery activities that provide an income for traditional and marginalized groups [1] . It is estimated that two-thirds of the world's fishing communities depend on the existence of mangroves and there is a clear positive relationship between mangrove cover and municipal fishery landing [2, 3] .
In a phase where global climate change is causing rising sea levels healthy mangrove forests protect the coastline. Losing these means increasing the risk of coastal subsidence, erosion, and storm damage, each of which will incur high costs in repair of the consequent damage. Despite their significance, mangroves are globally threatened by the occurrence of deforestation at alarming rates because their value to the immediate surrounding communities is often underestimated [4] [5] [6] .
Sri Lanka is a tropical island with~1760 km coastline harbouring~1210 km 2 of highly productive lagoon and estuary ecosystems [7, 8] . Due to the very low tidal amplitude (0.4-0.6 m), the distribution of mangroves is confined to narrow inter tidal belts having a patchy distribution [9] . Currently Sri Lankan mangroves are estimated to cover >4000 ha to >10,000 ha and to harbour 25 true mangrove species including three endangered species Ceriops decandra (Griff.) W. Theob., Sonneratia apetala Buch.-Ham., and Lumnitzera littorea (Jack) Voigt [10] [11] [12] .
Fishery is a significant coastal economic and resource use activity in marine food production and livelihoods in Sri Lanka [13] . Lagoon fishery production indicates coastal ecosystem functioning as the lagoon fish catch depends on a healthy ecosystem. Fishery resources are important assets for the gross domestic production of Sri Lanka because they still acquire major parts of income from foreign exports.
One of the major factors that threatens mangrove ecosystems in Sri Lanka is shrimp farming, which destroyed half of the mangroves in the North-Western coast in the 1990's, leading to an increase in coastal erosions and a decrease in coastal fishery production from 1992 to 2009 [7, 14] . Many of these shrimp farms were later abandoned because of the White Spot Syndrome Virus (WSSV); an outbreak that dropped the shrimp exports >65% from 1999 to 2012. To safeguard both, future fish production and mangrove health, efficient and sustainable management of the remaining mangrove ecosystems is urgently needed.
Though previous studies have already highlighted the importance of mangrove ecosystems for human sustenance [15] [16] [17] and the positive relationship between mangrove diversity and fishery production [18] [19] [20] , studies that have investigated actual extent of livelihood dependence on mangroves are still limited [21] . In Sri Lanka, most of the previously published studies did either focus on mangrove diversity or the effects of shrimp aquaculture [10, [22] [23] [24] . Yet, to our knowledge, no study has yet demonstrated how fishery production depends on mangrove diversity in Sri Lanka. This study attempted to fill this gap, and, by making this link, suggest policy makers on how coastal economic development and biodiversity conservation are intertwined.
Further research is required to evaluate the current conditions of mangroves in different locations, and to understand the unique uses among different communities and their role as a fishery resource in order to underpin local conservation and coastal management plans.
We conducted floristic and faunal surveys as well as fishery and community surveys in the Chilaw lagoon to provide a first quantification of the effects of mangrove diversity on the fishery catches and the occupational diversity of the resident communities of Sri Lanka. We hypothesized that the diversity of terrestrial animals as well as the catches of local fishermen would be higher in sites with higher mangrove diversity. We furthermore hypothesized that the occupational diversity of the resident communities would be positively related to mangrove diversity.
Materials and Methods

Study Site
The study was conducted in the Chilaw lagoon (~18 km 2 ) North Western Province of Sri Lanka, which has a population of 62,515 (327/km 2 ). The majority of the population are involved in fishing and related activities [25, 26] [27] . Mangroves in this area are fringe or riverine type, and have a rather irregular distribution along a complex of creeks [28] (Figure 1 ).
Mangrove diversity, fishery production, and economic surveys were conducted in three sites that varied in population density: Chilaw (637.9 km 2 ), Marawala (604.1 km 2 ), and Pambala (570.5 km 2 ) [25] . Sites were separated by a similar distance to one another. Chilaw is the closest to the lagoon mouth having small patches of mangroves. Marawala is in the middle of the lagoon having larger patches of mangroves. Pambala is the furthest from the lagoon mouth and harbors relatively unaffected mangroves that were proposed for conservation [29] . 
Field Data Collection
Mangrove Floral and Faunal Surveys
In each of the three study sites, we established three transects of 10 m width and 50 m length pointing inland from the shore. Floral and faunal surveys were conducted during 2013. We measured all mangroves and associated species and counted individuals with GBH (Girth at Breast Height) >5 cm for our floral survey. For each mangrove species, we ascertained their conservation status from IUCN [31] . In each transect, we conducted faunal surveys diurnally once every month for twelve months, noting the occurrence of all bird, mammal, reptile, amphibian, mollusk, crustacean, and insects species. (Further details on the methodology are supplied in Supplementary Materials).
Fishery Production Surveys
Chilaw fishery district has 11 fishing villages and 9820 fishing households, with 12,220 active fishermen and 60 fish landing ports [32] . In each of the three study sites, we surveyed the catch from three crafts, i.e., from a total of nine landing port. Each port was visited once a month over the period of one year and we noted the monthly catches of fish, shrimps, and crabs.
Socio-Economic Surveys
We conducted a household questionnaire in 30 households per site, totaling 90 households. The information retrieved included the amount of income generated from fisheries, fishery related activities other income generating activities, the education level, and the occupation of each household member. We also noted the distance from each household to the nearest mangroves.
Data Analysis
All data analyses were conducted with R version 3.3.1 [33] .
Floral and Faunal Diversity and Fishery Catches
For each of the three transects in each site we calculated the Shannon diversity and species evenness of the floral and faunal survey. For each of the three crafts in each site we calculated the mean monthly catch of fish, crabs, and shrimps.
H' = Shannon diversity, s = number of species, p i = proportion of the ith species.
(2) E = species evenness, H'max = maximum possible Shannon diversity (the log of the number of species).
We tested for differences in the mean Shannon diversity and species evenness of the flora and fauna and the differences in the mean monthly catches among the three sites with separate analyses of variances (ANOVA). Significant differences were determined via Tukey's Honest Significant Test [34] .
Species Compositions
Differences in composition of the flora and fauna were analysed with separate canonical (i.e., constrained) correspondence analyses (CCA). Prior to the CCA, all of the species proportions were Hellinger-transformed (i.e., square-root transformed) in order to down-weight the influence of the most abundant species. In both CCA analyses, the first ordination axis was restricted to represent the amount of variation in species compositions that can be explained by the three sites (R 2 ).
Fishery Occupation and Mangrove Diversity
Differences in the revenue and proportion of household members engaged in fishery related occupations among the three sites were tested via separate ANOVAs. We tested for a potential correlation between the revenue from fishing and the proportion of fishery-related occupations with the Kendall's tau rank-based correlation test [35] .
We similarly tested for a potential correlation between the floral diversity of the mangroves and the mean occupational diversity of households via Kendall's rank based test.
Results
Mangrove Floral and Faunal Surveys
Across all transects, we found 16 mangrove species that were belonging to 10 families. Rhizophoraceae showed the highest abundance. Pambala was the most inland site and had the highest floral diversity (H' = 2.68) with two endangered and four near threatened species (Table 1) . Faunal surveys recorded 28 species belonging to 25 families, comprising bird, crustacean, mammal, reptile, amphibian, mollusk, and insect species Table S2 . The highest richness was recorded for bird species.
Floral and Faunal Diversity and Fishery Catches
Mean floral diversity of mangrove species was significantly different between the three study sites (Figure 2 , F df 2,6 = 101.6, p < 0.001 **). The site's diversity increased with an increasing distance to the lagoon mouth (with Chilaw being the closest and Pambala being the most distant site). The same pattern of higher Shannon diversity with increasing distance from the lagoon mouth was found in the faunal surveys, but the differences among sites were non significant (Figure 2 , F df 2,6 = 2.75, p = 0.14). A total of 16 fish species belonging to 13 families were recorded in the surveyed fish catches. These included freshwater, brackish water, fresh-brackish water, and marine-brackish migratory species. More than 50% of the caught individuals belonged to one of two species: Etroplus suratensis and Liza spec. 15% of catches consisted of marine-brackish species, such as Gerres argyreus, Caranax spp., and Lutjanus argentimaculatus that spend the first stage of their life cycle in mangroves and then move to brackish water for spawning. 7% of the catches consisted of brackish water life forms, like Siganus spp., Scatophagus argus, and Leiognathus spp.
We recorded four species of shrimps in the catches: Pinnaeus indicus, Pinnaeus semisulcatus, Pinnaeus merguensis, and Pinnaeus monodon. Shrimp catches, which fishermen prefer to fish catches because of higher selling prices per kg (personal communication), peaked in March and April.
Crabs were harvested throughout the year, with peak catches in November and December whereas the fewest crabs were caught in June, July and August. During the last months of the year, fishermen mostly targeted crabs because they are sold at high prices. Lagoon Crab catches mainly comprised of Scylla serrate, Portunus pelagicus and Portunus sanguinolentus. They are marine and brackish depending on the sea for part of their life cycle and the lagoon for the remainder.
Fish and crab catches differed significantly between the three sites ( Figure 3 , F df: 2,6 = 13.5, p < 0.01 ** and F df: 2,6 = 6.9, p < 0.05 * for fish and crabs, respectively). However, the highest number of fish were caught in Pambala and the highest number of crabs were caught in Chilaw. The post-hoc test on the differences in fishery production between each site demonstrated that for the apparent differences in shrimps catch between sites were not statistically for shrimps' significance (F df: 2,6 = 4.9, p = 0.05, Figure 3 ). 
Species Compositions
The three sites differed significantly in their floral and faunal composition (F df: 2,6 = 10.73, p < 0.01 ** and F df:2,6 = 2.55, p < 0.01 ** for the floral and faunal composition, respectively). The assignment to the three sites explained a higher amount of the variation in the floral than in the faunal species composition (R 2 adj = 0.71 and 0.27 for the floral and faunal composition, respectively) ( Figure 4) . 
Fishery Occupation
Although the revenue earned from fishery and related activities were highly variable, between sites differences were not significant. The mean household revenue from fishery related occupations was similar between the three study sites. (Figure 4 , F df: 2,87 = 0.6, p = 0.55). The proportion of household members that followed a fishing related occupation did not differ between the sites ( The proportion of household members that followed a fishing occupation and the revenue from these occupations were not related, neither across all of the sites, nor within the individual study sites. (Kendall's tau = 0.16 and p = 0.06 across all sites and Kendall's tau = 0.02, 0.25, and 0.17, p = 0.86, 0.1, and 0.17 for the Chilaw, Marawala, and Pambala site, respectively).
Mangrove Diversity and Occupational Diversity
Across the three sites, we found a significant positive correlation between the Shannon diversity of the mangrove flora and the occupational diversity of the residents (Kendall's tau = 0.9, p < 0.01 **, Figure 6 ). Here, occupational diversity refers to the different income generation methods of the communities. 
Discussion
Relationship between Mangrove Diversity and Socioeconomic Conditions
Mangroves protect Sri Lanka's coast line from sea erosion, while providing diverse local livelihoods. Despite these important services, mangroves are cleared for substitute development activities that have undesirable effects on the well-being of mangrove dependent communities and the country's economy. Therefore, prior to the implementation of development activities, it is vital that the biodiversity, ecosystem services and conservation status of mangroves are assessed.
In our study, mangrove floral and faunal diversity increased from the lagoon mouth towards inland areas (Table 1 and Table S1 ). We found a significantly higher fish catch but not crab or shrimp catch in more diverse mangrove areas, such as Pambala. Analysis of the relationship between socio-economics and mangrove diversity showed that when an area had more diverse mangrove ecosystems, it not only had higher faunal diversity, but also had higher occupational diversity providing more income opportunities for the nearby communities. Therefore, mangroves are important to both conservation and to income diversification. The higher mangrove diversity recorded in Pambala is due to ongoing conservation activities such as mangrove restoration, awareness programs and facilitating research activities locally and internationally. Pambala site is a successful demonstration of how promoting mangrove biodiversity conservation measures are thriving the local livelihoods and meeting long term conservation goals.
Ecological theory predicts that diverse systems should be more resistant to disturbances. Thus, one might propose that conservation of mangroves could benefit biodiversity and the resistance of mangrove habitat to disturbances and the sustainability of mangrove dependent local communities [36] .
The Current Condition of the Fishery Industry
In the study sites among the surveyed 90 families~76% directly or indirectly depended on fisheries. Lagoon fishery production is an indicator of coastal ecosystem functioning as the size of lagoon fish catch depends on healthy mangrove ecosystem. According to the fishermen in all three sites, the quantity of their catch has been drastically reduced when compared to previous years, as many of these people have being fishermen since their childhood. This fast decline of the catch that was reported by both fishermen and statistics is a result of the heavy exploitation of mangrove ecosystem and over fishing, to a degree that is threatening the long term use of these resources [14] . The high price that is offered for fishery products has attracted fishermen and outside businessmen, who harvest as much fishery products as possible irrespective of the size, age, or gender of the catch. Currently, the majority of the total landings comprise of immature and spawning stages. This highlights the importance of intact mangrove systems as nursery grounds that can safeguard future fish production.
Increasing the Sustainability and Livelihoods of Local Fishing Communities
Lagoon fishery products are in high demand from local consumers, as well as from large scale buyers, Chilaw's main market, where the total catch of the area is sold, is a very popular location for bulk purchases, especially for crabs and shrimps. In the market place, there are several market intermediaries who collect fish, crab, and shrimp catches from fishermen with a large profit margin. These systems could be changed and the corresponding law makers should be involved in introducing a direct market selling access to the small scale fishermen.
Local political patronage is one of the main causes for markets being weighted in favour of market intermediaries, rather than small scale producers, despite Sri Lanka being the first tropical country to have a centrally managed integrated coastal zone management program [37] .
As the increasing demand for fish protein in the island and for the export market are leading to the overexploitation of fisheries resources, it is a timely concern to develop sustainable fishery and aquaculture practices [38] , which will eventually be an alternative to the depletion of fishery resources and thus reduce environmental pressure by becoming a stable source of income for Sri Lankan coastal people.
Fishery resources are an asset to Sri Lanka. If managed efficiently and sustainably, they could bring in a major portion of Sri Lanka's foreign export income. Therefore, it is essential to impose legal barriers prohibiting the use of illegal devices, such as nets with small mesh size that capture immature stages and spawning stages of fisheries. However, if the people that are involved are not sufficiently concerned about this issue legal barriers will be insufficient to prevent over exploitation. Ultimately, if lagoon and coastal fisheries are to fail, fishermen will be the ones that are most seriously affected. Therefore, raising environmental awareness, peer education, and education through mass media and extension services is a vital step towards safeguarding these invaluable resources in Sri Lanka.
Implications of Mangrove Biodiversity Conservation in Development Planning
Continuing assessment of ecosystem status as in our study will help in conserving threatened ecosystems and informing government policy makers as to what level and how political interventions are necessary. Policy makers should be involved in ensuring the effective monitoring of ecosystems, arrangement of marketing facilities, and, professional training on fish catch processing techniques.
Fisheries and related activities are the major livelihoods of the majority of coastal inhabitants, and also attract considerable portion of the outside income and investment. Therefore, it is crucial to protect this resource base, as the depletion of fisheries can be potentially irreversible. Loss of the income arising from fisheries would seriously damage development within Sri Lanka. Therefore, mangrove swamps should not be seen as useless areas of vegetation to be cut down indiscriminately for aquaculture, agriculture, housing, and industrial development, but as viable resources to be developed in a sustainable manner.
A positive recent development in mangrove conservation in Sri Lanka is that the government agreed to give legal protection to the remaining mangroves of the whole island, comprising a total area of~8800 ha and to reestablish another 3900 ha of mangroves [39] . Hopefully, this commitment will not be merely an agreement on papers, but will actually implemented on the ground.
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